In some soils, chromas Յ3 have also been related to seasonal saturation (Vepraskas and Wilding, 1983 ; Ev-A soil's hydrology (seasonal saturation occurrence) must be esti- ans and Franzmeier, 1986 
prior to drainage, they are considered relics of the forfluctuated more frequently than those in soils further away. Concenmer moisture regime and cannot be used to predict trations of Fe(II) in groundwater at a depth of 60 cm were higher at current levels of the seasonal high water table (James 7 m from the ditch than at 60 m, but redox potentials at a depth of and Fenton, 1993) . Unfortunately, identifying relict low 60 cm were Ͻ500 mv for shorter periods of time at 7 m than at greater chroma colors in altered soils is difficult unless the exdistances from the ditch. We hypothesized that groundwater flowing tent of hydrological alteration on saturation frequency into the soils within 30 m of the ditch introduced Fe(II) into the Bt and duration is known (Vepraskas, 1994) .
horizons. The Fe(II) oxidized and formed Fe masses as the water
In the USA, approximately 40 million ha of farmland table fell. Our results indicate that soil colors can change within 30 had been drained as of 1980 (Gosselink and Maltby, yr as a result of ditching. We suggest that the major area of soil 1990). Furthermore, over 50% of the wetland soils in influenced by the ditch can be identified by where the Fe masses in the argillic horizons increase as one approaches the ditch.
the USA (soils with aquic conditions) have been altered by agricultural drainage or development (Dahl, 1990) . These data suggest that for soils with low chroma colors within 0.5 m of the surface, the depth considered for P eriodically saturated soils frequently develop aquic conditions, at least one half of the area these soil's color patterns consisting of low chroma or gray colcover may be influenced by a drainage ditch or other ors in their E, B, and C horizons. The saturation does form of hydrological alteration. not change the soil color directly, it simply prevents When evaluating land on-site for septic system instalatmospheric O 2 from entering the soil. Soil colors change lation, or when determining whether a site has jurisdicafter a soil becomes saturated when microbial respirational wetlands, it is necessary to know how far from tion of organic tissues consumes available O 2 causing the the ditch the water tables are being affected. Hydrologic soil to become anaerobic. Under anaerobic conditions, models can be used to compute the dynamic position microbially mediated reduction of ferric iron [Fe (III)] of a water table following ditching or other forms of results in an increase of ferrous iron [Fe(II)] in the soil land drainage. Hydrological models such as DRAINsolution (McBride, 1994) . Iron reduction eliminates the MOD have been developed to determine optimum red and yellow colors produced by Fe(III) compounds, drain spacing to achieve a predetermined water table and allows the low (Յ2) chroma or gray soil colors of level (Skaggs, 1978) . Such models require input of a silicate minerals to predominate in seasonally saturated soil's pore size distribution, saturated hydraulic conducsoils (Vepraskas, 1994) . Because low chroma colors, or tivity, hourly rainfall, and other data that can be expenredox depletions, frequently form in saturated soil, these sive to acquire. Simpler models such as the ellipse equacolor patterns are commonly used to predict the depth tion can be used to estimate water table positions of seasonal saturation (Evans and Franzmeier, 1986;  between drains (USDA-NRCS, 1997). This equation Franzmeier et al., 1983; Pickering and Veneman, 1984) . also requires input of average soil hydraulic conductivity, drainage rate, and vertical distance after drawdown of the water table, among other parameters which canchanges in Fe oxide contents as distance from the edge not be easily obtained. The ellipse equation was develincreased. The time required for these changes to occur oped for sites having a network of parallel drains, and was not known, but Daniels et al. (1975) speculated that it is inappropriate for use in areas with ditches on perimtens of thousands of years were likely needed for the eters of fields (R. W. Skaggs, 1998, personal communidissection alone. cation). James and Fenton (1993) documented changes in Soil morphology might be used to evaluate a ditch's drained and undrained members of a catena of Mollisols effectiveness because morphology has been found to (Udolls and Aquolls). The drainage system had been change when hydrology is altered. Daniels and Gamble installed approximately 90 yr prior to the time of the (1967) showed that soils along stream-dissected edges of study. All soils apparently contained little Fe, and the the Middle Coastal Plain had redder colored Bt horizons redoximorphic features present consisted largely of rethan soils further from the edge. This "red-edge effect" dox depletions. James and Fenton (1993) found that was believed to have occurred after the Coastal Plain while the drainage system lowered the water table to had been incised and drained by streams. Prior to stream depths exceeding 40 cm there were no apparent changes incision, restricted surface and subsurface drainage in soil color. caused saturated and Fe-reduced conditions to persist More rapid changes in soil color were documented for long periods. Following stream incision and headin Aquolls and Udalfs along a created marsh by Veward erosion, improved surface and subsurface drainage praskas et al. (1999) . They monitored changes in soil resulted in a lowering of watertables and the oxidation color along four landscape positions: in the marsh, at of Fe, producing red and yellow soil colors in areas with the marsh edge, in a transition to an upland, and in an improved drainage that are adjacent to streams. On upland position. They found that at the edge of the the other hand, soils further from the edge remained marsh where soils were saturated for approximately 6 saturated and reduced for long periods and slowly lost mo/yr, the soil chroma decreased by two units over a Fe(II) as water moved to the stream. Consequently, 5-yr period. Changes in chroma of 1 unit occurred during a single year for soils in the transition zone that were the differences in Bt horizon color were produced by The objectives of this study were to: (i) determine if , 1984) . Soils were mapped as part of this study and found to be members of the following series: Goldsboro (Aquic three replications. Soils of each soil series were considered a separate replicate within a transect, and transects were considPaleudults), Lynchburg (Aeric Paleaquults), and Rains (Typic Paleaquults). All series were members of the fine-loamy, siliered to be treatments (i.e., distance from ditch). As shown in Fig. 1 , four treatments were used with transects placed at 7, ceous, subactive or semiactive, thermic families. The vegetation covering the site was forest consisting primarily of white 30, 60, and 80 m from the ditch. Because the effect of the ditch on soil hydrology was not known prior to these experiments, oaks (Quercus alba L), red maples (Acer rubrum L), and loblolly pines (Pinus taeda L) up to approximately 50 yr old.
transect distances were selected arbitrarily to include areas that likely were and were not affected by the ditch. Each A ditch bounded a portion of the site as shown in Fig. 1 . The ditch was 1.25 m wide and 0.7 m deep and was dug in two transect contained three plots, with a plot in each of the Goldsboro, Lynchburg, and Rains soils. Each plot measured approxsections. The section running predominantly north to south is at least 50 yr old according to the property owners but detailed imately 3 m by 3 m and was instrumented to monitor water table levels, redox potential, soil temperature, and to extract historical records were not kept. The section running east to west was approximately 30 yr old according to evidence from water samples for chemical analysis.
Water table levels were measured daily in each plot with aerial photographs.
To evaluate the effect of the ditch on soil properties, four an electronic well (Remote Data Systems, Inc., Wilmington, NC). Wells were installed by digging a 10-cm-diam. hole to a Water samples were collected from piezometers installed at depths of 30 and 60 cm. Piezometers consisted of a 1-cmdepth of 2.25 m, inserting the well, and backfilling the hole with sand to the level of the slits in the well pipe. The top of long section of well screen (2-in diam.) glued to PVC pipe (2-in diam.). The piezometers were installed like the electronic the sand was then covered with a 3-cm thick layer of dry bentonite pellets which were then covered with soil. A conical wells. Water samples were collected weekly during the "wet" season. Piezometers were first purged of water by hand pumpmound of soil was placed around the portion of the well that was above ground to direct rainfall falling on the well away ing, and were allowed to refill for approximately 1 h. They were then pumped again to collect two water samples. One from the well and onto undisturbed soil.
Rainfall was measured in an open field adjacent to the site sample was placed in a 50-mL glass vial and transported to the laboratory on ice. A second sample was collected and using a recording rain gauge. Soil temperature was measured weekly using thermocouples installed at depths of 15, 30, and several drops of a 0.2% solution of ␣, ␣Ј-dipyridyl dye were added to it to visually detect the presence of Fe(II) (Childs, 60 cm. The thermocouples were constructed following the procedure of Culik et al. (1982) . The three thermocouples for 1981). When a positive reaction was noted, it was recorded as being either weak, moderate, or strong depending upon each plot were placed in 1-in-diam PVC pipe. The thermocouple tips extended through holes in the pipe so they were in the intensity of the color. For samples brought to the laboratory, pH was measured electrometrically within 4 h of sample contact with soil at depths of 15, 30, and 60 cm.
Redox potentials were monitored weekly at depths of 15, collection. Samples were then analyzed for total dissolved organic C, Cl, and Fe(II) by the procedures of US EPA (1979). 30, and 60 cm in each plot. Five Pt electrodes were installed at each depth. Electrodes were constructed by fusing 20-gauge Because of funding constraints, these analyses could not be performed on all samples. However, we did correlate the obPt wire to metal brass brazing rods (3/32 inch diam.) which were then insulated with heat-shrink tubing and epoxy. The served positive reactions to dye obtained in the field to measured quantities of Fe(II) determined on samples brought to Pt electrodes were checked for accuracy using the redox buffer solution of Light (1972) . Electrodes agreeing to within ϩ/Ϫ the laboratory. This allowed us to extend our Fe(II) observations in the water samples to periods beyond which measure-10 mv in the buffer solution were then tested in distilled water, and those agreeing to within ϩ/Ϫ 20 mv were selected for ments were made. At the time electronic wells were installed, soil samples use. Electrodes were installed in the field in 2.5-cm diam. holes backfilled with a mud slurry made from the extracted soil.
from the 10-cm-diam holes were collected in 15-cm depth increments to a depth of 2.25 m and bagged. Samples were Redox potential was measured using an Accumet pH/mv meter (Fisher Scientific, Inc., Pittsburgh, PA) and a Ag/AgCl air-dried and ground to pass a 2-mm-mesh sieve. Free iron oxides were determined on each sample by a dithionite extracreference electrode filled with a saturated solution of KCl. Field electrode readings were converted to redox potential or tion (Coffin, 1963) . Total C was determined on the samples from the upper 60 cm of each plot by a CHN Elemental Eh by adding a correction factor of 200 to 210 mv to each reading depending on soil temperature.
Analyzer (Perkin-Elmer Corp., Norwalk, CT) following the procedures of Nelson and Sommers (1982) . Particle size distriproportion charts, and the results from both authors were averaged for each depth in each profile. The descriptions from bution was determined on all samples by the hydrometer method of Gee and Bauder (1985) .
pits and auger samples were compared to assess variability in horizon color and redoximorphic feature abundance around Soil profiles from all plots were described from pits (1.0 m wide, 1.5 long, and 1.5 m deep) which were dug within 3 m the plot. Treatment effects (i.e., distance from ditch) on soil morof each plot. Detailed profile descriptions were completed to a depth of approximately 1 m. Redoximorphic feature percentphology, hydrology, and chemistry were tested for by an analysis of variance (ANOVA) procedure for a randomized comages were estimated by eye by each author separately using plete block design (SAS, 1985) . Three blocks were used with among transects. Each soil contained redox concentra- Table 1 were identified from profile descriptions compared by the ANOVA procedures. When significant dif-(USDA-NRCS, 1998). The Umbric Surface field indicaferences were detected, Tukey's w procedure was used to tor (F13) was found in the Rains soils within each tranidentify where differences occurred (SAS, 1985) . sect, and these were the only hydric soils identified. Soil taxonomic classification and hydric soil status shown in Table 1 did not change across transects.
RESULTS

Results of the ANOVA procedure for comparing the
Soil Morphology
percentages of redox concentrations, redox depletions, and concentrations of colors with chroma of 3 are shown Profile descriptions for each soil of transect 3 are in Table 2 . Only results for the Bt horizons (40 to 100 given in Table 1 to illustrate the pertinent soil charactercm) are presented because no significant (P Ͻ 0.10) istics found in the landscape. Soils from other transects differences were found for any feature between depths had similar types of features for a comparable landscape position but percentages of individual features differed of 0 and 40 cm. As shown in Table 2 , no significant difference was found for any feature at the four diswere not identified. Percentages of colors with chromas 3 and values Ն4 also did not significantly change with tances from the ditch shown for the Goldsboro soils. For the Rains and Lynchburg soils the percentages of distance from the ditch. The increase in redox concentrations found within redox concentrations were significantly higher at distances of 7 and 30 m from the ditch than at the two 30 m of the ditch for the Rains and Lynchburg soils was related to a general increase in the amount of dithionitegreater distances. In the Rains soils, the redox concentrations nearly doubled within 30 m of the ditch comextractable Fe as shown in Fig. 3 . Data were expressed as the Fe:clay ratio to remove the effect of clay distribupared with further away. The effect that the redox concentrations had on Bt horizon color in the Rains plots tion on changes in Fe concentration with depth. The increase in Fe per unit of clay with depth shows the is illustrated in Fig. 2 for soils at 7 and 60 m from the ditch. The yellowing of the Bt horizons is readily effects of Fe movement caused by reduction rather than by clay illuviation. At a distance of 7 m from the ditch apparent and can be easily detected in the field.
In the Lynchburg soils, the percentage of redox deplein the Rains soils (Fig. 3A) , the Fe:clay ratios of 200 to 300 between the depths of 40 to 100 cm corresponded tions also appeared to be greater within 30 m of the ditch as compared with further away (Table 2) , but with the zone where an increase in redox concentrations was observed. The Goldsboro and Lynchburg soils at no significant (0.10 level) differences were found. Our statistical design required soils at all positions be ana-7 m from the ditch had Fe:clay ratio changes with depth that suggested an accumulation Fe between the depths lyzed as a group for a given transect. Because no differences in redox depletions were found in the other two of 100 and 160 cm. At a distance of 60 m from the ditch (Fig. 3B ) the Fe:clay ratios were generally Ͻ100 for the soils, significant effects in the plots of Lynchburg soils range in rainfall values show that the periods measured same depths in the Rains with one small increase at in 1996 and 1998 fell within the normal range, while 69 cm. In the Goldsboro and Lynchburg soils, the Fe:clay rainfall in 1997 was below normal. Rainfall in 1998 durratios tended to be more uniform with depth than those ing the months of January through April, along with found at a distance of 7 m from the ditch.
July and August were all above normal and this indicated that 1998 was a relatively wet year. Temperature Saturation data showed that the soils remained above 5Њ C throughRainfall data collected for the study period are shown out the study period. This indicated the biologicallyin Table 3 along with soil temperature. The normal mediated reactions responsible for Fe reduction could be expected to occur throughout the year (Megonigal , 1996) .
tial values were Ͻ500 mv and Fe reduction was occurring for
Cumulative periods of saturation for the two wet seaall three soils at different distances from the ditch for the period sons evaluated are shown in Table 4 . There were apparbetween 1 Dec. 1997 through 31 Dec. 1998. Redox potentials ent differences in cumulative durations of saturation in Goldsboro plots were Ͼ500 mv for entire period.
among soils for a given depth, but only one significant
Distance from ditch (m) difference was found. The Rains soils at a depth of 15 cm
Lynchburg Rains
and at a distance of 7 m from the ditch were saturated for significantly shorter periods than were soils at dis- the volume of Fe masses increased toward the ditch.
* Redox potentials were Ͻ500 mv for intermittent periods.
The ditch did have a major influence on the frequency of water table fluctuation as shown in Fig. 4 . In the were about one-half those found in 1997. The dissolved Rains soils at a distance of 7 m from the ditch the water Fe(II) levels at a distance of 7 m from the ditch were table fluctuated often between the surface and a depth comparable to those found at a distance of 60 m, and of 50 cm between Day 335 in 1996 and Day 120 in 1997, may have been higher just before the soil drained. and a similar effect was noted in 1998. Each time the Iron(II) was also detected in water samples from the water table fell at the 7-m distance probably allowed Lynchburg soils as shown in Fig. 6 . The intermittent oxygen to penetrate into the Btg horizon as macropores saturation of the soil at the 7-m distance from the ditch (e.g. root channels) drained. At a distance of 60 m from limited us to collecting two samples, and therefore data the ditch the saturation was virtually continuous below for the plots at 30 m from the ditch are shown for 25 cm for a similar period. In fact, the effect of the comparison. In 1997, relatively high levels of Fe(II) were ditch on water table fluctuation disappeared at distances found at a distance of 60 m from the ditch which were Ն30 m from the ditch.
approximately twice as high as found at a distance of 30 m. Soils at both transects drained between Days 100
Iron Reduction
and 120 in 1997, but Fe(II) was again detected in solution following resaturation, with the higher concentraThe occurrence of Fe reduction was evaluated by tions found at 60 m than closer to the ditch. A similar means of measurements of Fe(II) concentrations in watrend was found in 1998. These results suggest that a ter samples and also by Eh measurements. Changes in portion of the Fe(II) entering the Rains soils near the Fe(II) concentrations over time for a depth of 60 cm ditch may originate in the Lynchburg soils at a distance are shown in Fig. 5 for the Rains soils. In 1997, the of 60 m and more from the ditch. Some Fe(II) probably amounts of Fe(II) in the soil water were generally higher originates in the Goldsboro soils at similar distances at a distance of 7 m than those found at 60 m from the from the ditch as well, but sampling wells were too ditch even though the soil at 60 m remained saturated throughout this period. In 1998, dissolved Fe(II) levels shallow in these soils to have water in them. The number of days that Eh values were Ͻ500 mv in soils as a function of depth and distance from the ditch are shown in Table 5 for a period lasting approximately one year. The value of 500 mv was used for these comparisons because when Eh values were less than 500 mv dissolved Fe(II) could be detected in extracted water samples. The Eh values were never below 500 mv in the Goldsboro soils, and were Ͻ500 mv in the Lynchburg soils only at a depth of 60 cm within a distance of 30 m from the ditch. Rains soils had Eh values Ͻ500 mv at each depth examined at all distances from the ditch (Table 5) . Although the plots located at 7 m from the ditch had the higher Fe(II) levels, the Eh values were Ͻ500 mv for the shortest duration of time. This suggested that the Fe(II) found at 7 m from the ditch was coming from a source further from the ditch. in the plot at 7 m from the ditch was caused by the after 28 mm of rain fell. The influx of aerated rainfall penetration of water from recent rainfall events to at presumably retarded the decrease in Eh in this horizon least the 60 cm depth. This water introduced dissolved following saturation. As can be seen in Fig. 7 , the Btg O 2 into the soil and kept the Eh above 500 mv. Rainfall horizon at 7 m from the ditch developed Eh values Ͻ500 did not penetrate as deeply into the plot found at 60 m mv 20 d later than the horizon at 60 m from the ditch.
from the ditch because the water table remained closer In addition, the horizon at 7 m from the ditch drained to the surface and fluctuated less as shown in Fig. 4 . earlier than the horizon at 60 m, and its Eh remained
The generally higher Eh values and shorter periods above 500 mv for at least 43 d while its counterpart at for Fe reduction found at 7 m from the ditch than further 60 m from the ditch maintained an Eh Ͻ300 mv.
away indicated that the relatively large influx of Fe(II) The slower development of reducing conditions (Eh detected in the soil water was caused by Fe(II) being values Ͻ500 mv) in the Rains plots at a distance of 7 m reduced in soils further from the ditch and carried tofrom the ditch was not related to a limited amount of ward the ditch by groundwater. Additional evidence for organic C either in the soil or in the soil solution. As this comes from elevated dissolved Cl concentrations shown in Table 6 , soil horizons at distances of both 7 found within 7 m of the ditch. As shown in Table 6 , and 60 m from the ditch had similar levels of organic C in the soil and in solution. Thus, we speculate that Cl concentrations increased progressively from 60 m In summary, we found that the Lynchburg and Rains toward the ditch. This suggests an enrichment of solutes soils within 30 m of a ditch contained significantly more in the Rains soils at a distance of 7 m from the ditch that Fe masses than soils further from the ditch. The increase is most likely caused by groundwater moving toward the in masses was believed to have occurred over a 30-yr ditch from soils at least as distant as 60 m.
period because of the effect of the ditch on soil hydrology. Ditching caused Fe masses to increase in the soils DISCUSSION adjacent to the ditch by (i) lengthening periods of oxidaOur results showed that Fe accumulated in the Bt tion where Eh values Ͼ500 mv, and (ii) serving as a horizons of soils that were within 30 m of a ditch within discharge point for Fe(II)-bearing groundwater. Both the 30-yr period since the east to west portion of ditch processes had to occur for the Fe masses to accumulate. B ( Fig. 1) cores to a depth of approximately 1 m with a bucket the dissolved oxygen in the infiltrated rainfall retards auger at varying distances from the ditch being examFe reduction. The Rains soils that were Ͻ30 m from ined. By laying the cores next to one another, their the ditch were reduced (i.e., Eh values Ͻ500 mv) for morphology can be compared, and the change in Fe the shortest duration of time.
mass abundance can be noted. The point at which the Our concept as to why the Rains and Lynchburg soils oxidized masses decrease in abundance by roughly onewithin 30 m of the ditch had more Fe masses in their half may indicate the limit of the ditch's effectiveness Bt horizons than those further away is shown in Fig. 8 . on soil redox potential and water table fluctuation. This zone within 30 m of the ditch is called the "oxidized These results will be landscape dependent. Different zone" in the illustration (Fig. 8A ), because this zone was results may be found on landscapes where (i) there are where the water table tended to be lower and fluctuated low levels (e.g., Ͻ5 mg/L) of Fe(II) in groundwater more often than in the plots further away. The width due to little reduction occurring or small amounts of of the oxidized zone extended to at least 7 m away from reducible Fe being in the soils, (ii) a shallow ditch was the ditch, but probably did not go beyond 30 m from installed to handle surface water but not to discharge the ditch. During the wet season when water table levels groundwater, (iii) ditches are spaced closely and do not were high across the landscape, rainfall infiltrated and discharge groundwater that originates at distances delayed the onset of Fe reduction in the oxidized zone Ͼ30 m from the ditch, (iv) hydraulic conductivity and by up to 20 d (Fig. 8B) . Iron that was reduced in the or hydraulic gradients are so small that little water Lynchburg soils, and possibly below 60 cm in the Goldsmovement occurs, and (v) insufficient time has elapsed boro soils, moved toward the ditch with the groundwater since ditch installation for substantial changes in the soil that was discharging into the ditch (Fig. 8C) . This moveto occur. Different results would also be expected where ment explains the higher Fe(II) levels found in the Rains Fe masses are present but not visible due to masking groundwater samples that were collected at 7 m from of soil organic material as may happen in Mollisols. the ditch, and is our explanation for the higher Cl concentrations at these locations. The reduced Fe(II) was ACKNOWLEDGMENTS oxidized in the Btg horizons that were within the oxi- Fe(II) oxidation could also occur when Btg horizons of the Rains soils are saturated with oxidized water
